Boehmite-treated aluminum foil was colored by a platinum coating, and its mechanism of coloring was investigated. Hydrated aluminum (boehmite (A100H) ) was generated on the surface of aluminum foil. The color of the boehmite-treated surfaces did not change the metallic luster of the aluminum foil surface with treatment time. However, when the boehmite-treated aluminum foil surfaces were coated with platinum by magnetron sputtering, the color of the surface changed to several different colors based on the hydration time. This coloring mechanism was investigated by observation of surface structures and simulations of the reflectance of multilayer film interference. Boehmite develops as a porous needle shaped film on the aluminum surface. The deposited platinum coating is deposited in a similar manner. Therefore, the coloring mechanism of the boehmite films is thought to be due to the interference of multilayer films with varying degrees of thickness.
I. Introduction
Aluminum foil surfaces treated in boiling distilled water result in the formation of hydrated aluminum on the surface of the aluminum foil. This hydrated aluminum is called boehmite (A100H) Boehmite-treated aluminum surfaces have been demonstrated to improve adhesion for paint, epoxy resins and low-density polyethylene1-3). A direct electric current in sulfuric acid solution is known to cause an anodic oxidation of aluminum, and thereby causing coloring. This anodized aluminum is called almite. The Asada method is generally employed to color almite, in which coloring is achieved by alternating the electric current4-6). There are a number of other electrical and chemical methods to produce the colored aluminum used as construction materials such as aluminum sashes and the curtain walls8). However, the coloring mechanisms have not been elucidated. Herein, boehmite-treated aluminum foil was colored by a platinum coating, and its mechanism of coloring was investigated. Aluminum foil was treated by immersion in boiling distilled water (electrical conductivity ; 0. 05,u S/cm) at 100C. Triethanolamine solution (0. 3 wt %) served as a catalyst to the reaction. However, the boehmite-treated aluminum foil surfaces were not observed to change with treatment time ; the metallic color remained. Therefore, platinum films were deposit ed on the boehmite surfaces by magnetron sputtering. The platinum coated boehmite surfaces had various colors based on the hydration time. In an effort to investigate the mechanism of coloring of boehmite surfaces coated with platinum, surface structures were visualized and the reflectance of multilayer film interference was simulated. Results indicate that the porous needle shaped boehmite film directs platinum deposition in a similar manner. Thus, the multilayer film interference between the boehmite film and the platinum film is thought to be responsible for the coloring mechanism. The thicknesses of the boehmite films were measured by transmission electron microscope (TEM) observation (Hitachi H-8000, Japan) at an accelerating voltage of 200 kV. Epoxy resin was embedded in the sample, and the samples were placed in an oven at 60C, for 12 hours until hardening. They were then sliced to a thickness of 80 nm at room temperature using an ultramicrotome diamond knife (Reichet ULTRACUT N, Nissei, Japan) in order to prepare them for TEM observation.
3 Platinum coating
The platinum films were deposited on the boehmite surfaces using a magnetron sputtering system (Vacuum Devise MSP-10, Japan) . Detailed sputtering conditions are as follows : gas pressure, 6 Pa ; ion current, 30 mA ; and sputtering rate, about 24 nm/min. Nitrogen gas was emitted into the chamber during deposition using a needle valve. The setting thickness of the platinum film was approximately 12 nm.
4 Scanning Electron Microscope (SEM) Analysis
The microstructures of boehmite surfaces were observed using a Hitachi S-5200 Infield Field Emission scanning electron microscope (FE-SEM) at an accelerating voltage of 3 kV and at 100, 000-fold magnification.
The sample was secured to the SEM sample holder using conductive carbon tape. Samples taken after the following boehmite-treatment times were observed ; 0 s (untreated) , 15 s, 45 s, and 75 s. The refractive index of bulk boehmite was reported to be 1.659). However, a boehmite layer is porous, as shown in Figure 3 . Therefore, the refractive index of porous boehmite differed from the refractive index of bulk boehmite. A Hitachi U-4000 Ultraviolet-visible spectrometer equipped with an integrating sphere attachment was used to investigate of the reflectance of boehmitefilms treated in boiling distilled water for 120 s. Thereflectance curve of the boehmitefilmsformed on the aluminumsurface is shown in Figure 5 . The integrated intensity of reflectance was high, about55-70%. The refractive index of the boehmite film however, was unable to be estimated because the optical constant (n-k) ofAlOOH is unknown. The constant n is the refractive index, and k is the extinction coefficient.
3.4.2
Estimation of the refractive index of boehmitefilm andreflectance for boehmite film coated with platinum
The width of the boehmite needles was about5nm and the pore size was about 80 nm. Therefore, the microstructures on the boehmitesurface are smaller 3 b, Thin Film Center Inc., USA) . Reflectance curves for boehmite films coated with platinum at various thicknesses were simulated using the following model :
Aluminum foil/boehmite films/platinum film (n= 2. 00 at 510 nm) /Air. The refractive index of boehmite film in this simulation was 1. 65. The boehmite film thicknesses were 100 nm, 200 nm, 300 nm, 380 nm. The simulated reflectance curves are shown in Figure 6 . The 100 nm, 200 nm, 300 nm and 380 nm boehmite films had peak maxima at wavelengths of 400 nm, 440 nm, 520 nm and 660 nm, respectively, and they were colored purple, blue, green and red, respectively.
These results however,
were not in good agreement with the colors obtained as shown in Figure 2 . Therefore, another simulation of the reflectance was carried out, in order to achieve resultant colors that corresponded to those shown in Figure  2 . The refractive index used for the simulation was fixed at 1. 65, and the packing density was varied since the boehmite film was porous. The new set of simulated reflectance curves is shown in Figure 7 . The packing density of the porous boehmite film was estimated to be O. 57. The boehmite films with thicknesses of 200 nm, 300 nm and 380 nm had peak maxima at wavelengths of 600 nm, 440 nm and 500 nm, respectively, and resultant colors of orange, blue, and green respectively. These results were in good agreement with the colors shown in Figure 2 . Therefore, porous boehmite films with a refractive index of 1. 65 where the packing density of 0. 57 were determined to correspond to the colors shown in Figure 2 . In addition, layering of films with a refractive index of 1. 65 and a packing density is O. 57 results in an actual refractive index of 1. 38. This result is in good agreement with the refractive index of MgF2.
4. 3 Reflectance for various thicknesses of boehmite films
In order to confirm that the color of the boehmitetreated surfaces were simulated in agreement with the color of the metallic luster color of aluminum foil, reflectance curves were estimated using the Al/boehmite model films (n= 1. 38) /Air. These curves are shown in Figure 8 . The reflectances were determined to be about 80-90%, in the wavelength range of 400-700 nm, for all samples. The spectra did not have any sharp peaks, indicating that a peak did not exist at a specific wavelength. The human eye is unable to recognize a change in color induced by a change in thickness of the boehmite film in the surge of a spectrum of this level.
Moreover, boehmite films are opaque ; therefore, the color of boehmite-treated aluminum surfaces is described as having a metallic color. 
Summary
The coloring mechanism of the boehmite-treated aluminum foil was investigated. 1) Boehmite films were opaque, whereas boehmite surfaces coated with platinum revealed various different colors depending on the thickness of boehmite film. Furthermore, the color of these surfaces also changed with viewing angles.
2) The boehmite-treated layer is porous, and boehmite surfaces coated with platinum are deposited consistent with the boehmite shape. The microstructures on the boehmite surface are smaller than the wavelength of the visible light. Therefore, the shape of the boehmite structures could not be resolved in the wavelength of visible light. Platinum coated boehmite films were thought to form two layers.
3) Reflectance simulations were conducted in an effort to elucidate the coloring mechanism of platinum coated boehmite surfaces. The corresponding spectrum was obtained from simulations with a fixed refractive index at 1. 65 and packing density changed from 1. 00 to 0. 57. 4) The coloring mechanism of boehmite surface coated with platinum was determined to be a result of multilayer film interference changes dependent on boehmite thickness. Fig. 9 Reflectance curve of the platinum coated boehmite at different angles of incident light (treatment time 120 seconds) .
